To test the effect of ivabradine on the outcomes in a broad population with left-ventricular (LV) systolic dysfunction with coronary artery disease (CAD) and/or heart failure (HF).
Introduction
Elevated heart rate is an important determinant of ischaemia and is an established risk factor in cardiovascular disease.
1,2 Epidemiological and observational studies indicate that patients with lower heart rate have better outcomes. However, until recently, this had never been tested in randomized controlled trials, partly due to the multiple effects of beta-blockers and calcium channel blockers beyond the reduction of heart rate, making it difficult to disentangle the effects of the heart rate component. Ivabradine specifically inhibits the I f current in the sinoatrial node, thereby lowering heart rate without affecting other aspects of cardiac function. 3 It has proven anti-ischaemic and antianginal efficacy in patients with stable chronic angina pectoris. 4, 5 Two large randomized trials have recently tested the impact of ivabradine on cardiovascular outcomes: BEAUTIFUL (morBiditymortality EvAlUaTion of the I f inhibitor ivabradine in patients with coronary disease and left-ventricULar dysfunction) in patients with stable coronary artery disease (CAD) and left-ventricular (LV) dysfunction, and SHIFT (Systolic Heart failure treatment with the I f inhibitor ivabradine Trial) in patients with heart failure. 6, 7 The results of BEAUTIFUL suggested that ivabradine reduces the incidence of coronary outcomes in such populations (notably, admission to hospital for myocardial infarction), provided that heart rate was 70 b.p.m. or higher. 6 SHIFT was performed in patients with heart failure, LV dysfunction, and heart rate ≥70 b.p.m., and reported significant ivabradine-associated reductions in the incidence of heart failure outcomes (notably, hospital admission due to worsening heart failure and death due to heart failure). 7 The BEAUTIFUL and SHIFT populations clearly differ in their primary diagnosis, particularly with regard to the presence of heart failure. Indeed, all of the patients in SHIFT had a history of heart failure and a recent hospital admission for the condition, while many of the patients in BEAUTIFUL had no symptoms of heart failure. On the other hand, all of the patients in the two studies had impaired LV function (Table 1) , which is associated with increased mortality in patients with CAD, as well as in those with heart failure. 8 Therefore, it seems valuable to explore the consistency of these findings across the two trials. In this article, we describe a pooled analysis of individual trial data from BEAUTIFUL and SHIFT to evaluate the effect of heart rate reduction with ivabradine on outcomes in a broad population of patients with LV dysfunction, whatever their background condition (CAD or heart failure). Values are number of patients (%) or mean (SD).
Methods Patients
The study designs of the BEAUTIFUL and SHIFT trials have been described at length elsewhere and the principal characteristics of the two trials are summarized in The main features of these two populations are compared in Table 1 . This pooled population comprised 11 897 patients, all of whom had resting heart rate ≥70 b.p.m. at baseline. A heart rate ≥70 b.p.m. was selected to identify a high-risk subgroup a priori in the BEAUTI-FUL study; 6 ≥70 b.p.m. was the heart rate required for entry to the SHIFT study. 7 Subsequent analyses of both trials did indeed confirm the suitability of this heart rate to define a population most likely to benefit from heart rate lowering.
9,10
Outcomes
In this analysis, we assessed the SHIFT primary endpoint (a composite of cardiovascular mortality or hospital admission for worsening heart failure), as well as the individual components separately. We also explored the BEAUTIFUL primary endpoint [a composite of cardiovascular mortality, hospital admission for new or worsening heart failure (fatal or non-fatal), or hospital admission for myocardial infarction (fatal or non-fatal)], as well as its individual components separately. The definitions of the endpoints across the trials were carefully checked, and were not essentially different between the trials. Analyses were also performed in the population divided according to clinical profile at baseline [heart rate ≥75 or ,75 b.p.m.; beta-blocker dosage; LV ejection fraction ≤35 or ≤40%; and New York Heart Association (NYHA) class I or II, class I -IV, or class II-IV].
Statistical methods
Baseline characteristics are presented as means (SD) for continuous variables, and counts (percentages) for categorical variables for patients in the pool by treatment group. Survival analysis was done on a time-to-first event basis with the intention-to-treat principle. Treatment effect was estimated using a Cox's proportional hazards model adjusted for baseline beta-blocker intake and study to reflect differences between the trials. Hazard ratios (HRs) and 95% confidence intervals (CIs) are presented, and P-values calculated from the Wald Statistic. A P-value of 0.05 was considered as significant. A Cox's proportional hazards model adjusted for prognostic factors at baseline (beta-blocker intake, heart rate, NYHA class, LV ejection fraction, ischaemic cause, age, and systolic blood pressure) was also investigated and confirmed the results. Lack of proportionality of hazards was assessed in the Cox models for the effect of ivabradine vs. placebo by adding and testing an interaction term between the logarithm of time and the treatment effect. Time-to-event curves were estimated using the Kaplan-Meier method. Adverse events are reported as descriptive statistics (numbers of events and percentages) with a P-value for the between-group differences (Fishers Exact test stratified by beta-blocker use at baseline and trial). SAS (version 9.1) was used for all analyses.
Role of the funding source
The BEAUTIFUL and SHIFT executive committees were responsible for the study design, the interpretation of the results, the development and writing of the report, and the decision to submit for publication; they had full access to all data. Members of the medical and scientific departments of the sponsor supported the work of the executive committees, but did not make any scientific or research decisions independent of these committee. The sponsor was responsible for data management and final data analyses, in collaboration with independent statistical centre at Robertson Centre for Biostatistics, University of Glasgow, UK.
Results
The baseline characteristics are presented in Table 2 . There was significant reduction vs. placebo in the composite endpoint of cardiovascular mortality or hospitalization for heart failure (13% reduction in relative risk, P , 0.001) ( Table 3 ). The survival curves for this composite endpoint separated after just 3 months of treatment ( Figure 1A ). This reduction in risk was mainly driven by hospitalization for heart failure, for which there was 19% reduction in relative risk in the ivabradine group (P , 0.001). Cardiovascular deaths were not significantly reduced in the ivabradine group (P ¼ 0.272). Also in this population with LV dysfunction, treatment with ivabradine was associated with significant reductions vs. placebo in the composite endpoint of cardiovascular mortality, hospitalization for heart failure, or hospitalization for myocardial infarction (15% relative risk reduction, P , 0.001) ( Figure 1B) , as well as hospitalization for myocardial infarction (23%, P ¼ 0.009) and the composite endpoint of cardiovascular death or non-fatal myocardial infarction (10%, P ¼ 0.023) ( Table 3 ). There was no evidence for non-proportionality of hazards for the effect of ivabradine vs. placebo for the two composite endpoints shown in Figure 1A (P-value for interaction of treatment group and time: P ¼ 0.18, adjusted for beta-blocker and study; P ¼ 0.16, unadjusted) or Figure 1B (P ¼ 0.41, adjusted for beta-blocker and study; P ¼ 0.37 unadjusted).
Nearly two-thirds of the population had heart rate ≥75 b.p.m. (n ¼ 7632). In this population, treatment with ivabradine was associated with significant reduction in heart failure outcomes (Table 4) including the composite of cardiovascular mortality and heart failure hospitalization (P , 0.0001), cardiovascular mortality (P ¼ 0.049), hospitalization for heart failure (P , 0.0001), and all-cause mortality (P ¼ 0.048). In the smaller complementary subgroup of patients with heart rate between 70 and 75 b.p.m. (n ¼ 4265), the risk was lower with an 18% incidence of primary composite endpoint in placebo patients vs. 26% in placebo patients ≥75 b.p.m. In patients with heart rate between 70 and 75 b.p.m., there was no significant impact of ivabradine on the composite of cardiovascular mortality and heart-failure hospitalization (P ¼ 0.83), cardiovascular mortality (P ¼ 0.31), or hospitalization for heart failure (P ¼ 0.22). We also tested the effect of background beta-blocker dosage on the results in the pooled population. There was no significant impact of beta-blocker dosage on the effect of treatment on outcomes (Supplementary material online, Tables S1 and S2).
Within the population, there were 9236 patients (4604 ivabradine, 4632 placebo) with a more severe clinical profile of LV dysfunction (LV ejection fraction ≤35% and NYHA class II -IV, as well as heart rate ≥70 b.p.m.). Analysis of the heart failure outcomes in these patients showed a significant relative risk reduction in the ivabradine group for the composite of cardiovascular mortality or hospitalization for heart failure (13%, P , 0.001) and for hospitalization for heart failure (20%, P , 0.001) ( Table 5) . Cardiovascular mortality was not significantly reduced in the ivabradine group. A similar analysis of the 2731 BEAUTIFUL patients in this population (1363 patients on ivabradine, 1368 on placebo), showed no significant impact of ivabradine on the composite endpoint of cardiovascular mortality or heart failure hospitalization (P ¼ 0.86) or its components cardiovascular mortality (P ¼ 0.47) and hospitalization for heart failure (P ¼ 0.89). Analyses in the complementary population of 2651 patients with LVEF between 35 and 40% and/ or NYHA class I, and heart rate ≥70 b.p.m. (patients from the BEAUTIFUL trial) showed no significant treatment effect on any endpoint, and there was no significant interaction between the two complementary populations (interaction P Adjusted for beta-blocker intake at baseline and study. CV, cardiovascular; HF, heart failure; MI, myocardial infarction. failure). Moreover, this improvement in heart failure outcomes with ivabradine was not confined to the most severe, symptomatic patients with the worst outcome, but was also observed in patients with less severe profiles (e.g. LV ejection fraction ≤40% and NYHA class ≥I) ( Table 6) .
Ivabradine was well tolerated with rates of adverse events similar to those reported in the original studies. There were no relevant differences from placebo in the incidence of serious adverse events by system organ class. There were more cases of symptomatic or asymptomatic bradycardia in the ivabradine group (P , 0.001 vs. placebo), which led to withdrawal of study drug in ,1% of cases (P , 0.001 vs. placebo) ( Table 7) . Phosphenes, i.e. transient enhanced brightness in the visual field, were more frequent in patients receiving ivabradine (3 vs. ,1%, P , 0.001 vs. placebo), but rarely led to treatment withdrawal (0.3% of the ivabradine group).
Discussion
The SHIFT study 7 clearly demonstrated the benefits of pure heart rate lowering with ivabradine in patients with heart failure and markedly impaired LV function (ejection fraction ≤35%) and heart rate ≥70 b.p.m. The SHIFT patients were at high risk (placebo event rate for cardiovascular death or heart failure hospitalization, 17.68% annually); all had been admitted to hospital for heart failure within 12 months and had symptomatic disease in spite of maximal medical therapy (NYHA ≥class II). The important question for the clinician is whether the benefits of pure heart rate reduction are confined only to the sickest patients with heart Adjusted for beta-blocker intake at baseline and study. CV, cardiovascular; HF, heart failure; MI, myocardial infarction. failure or may be seen in a broader population of patients with LV dysfunction. The BEAUTIFUL study 6 included patients very different from SHIFT, in that LV dysfunction was defined as ejection fraction ,40% and neither admission to hospital for heart failure within 12 months nor limiting symptoms of heart failure was required. All the patients had coronary disease, in contrast to SHIFT in which coronary disease represented 60% of the population. Consequently, the BEAUTIFUL patients were at lower risk (placebo event rate for cardiovascular death or heart failure hospitalization, 8.48% annually). Our pooled analysis of individual patient data from BEAUTIFUL and SHIFT demonstrates that heart rate reduction with ivabradine does reduce the risk for major outcomes in a broad population of patients with LV systolic dysfunction and heart rate ≥70 b.p.m., and provides useful benefits in terms of heart failure outcomes although less evident than the more severe SHIFT population. Heart rate reduction with ivabradine was associated with significant reductions in the relative risk for the composite of cardiovascular mortality or hospitalization for heart failure, driven by hospitalizations for heart failure (relative reduction in risk, 13%). Furthermore, there was also a significant reduction in the composite of cardiovascular mortality, hospitalization for heart failure, or hospitalization for myocardial infarction (relative reduction in risk, 15%), and its components, notably of both cardiovascular death and admission for myocardial infarction (relative reduction in risk, 10%). Our data also provide robust evidence of the safety of ivabradine in a large population of patients with LV dysfunction, notably with low rates of bradycardia.
Analysis of various subgroups presented as well as the whole pooled analysis suggest that patients with LV dysfunction may benefit from heart rate reduction with ivabradine, even if they are asymptomatic or have only mild symptoms of heart failure. Our analyses also confirm that the effect of ivabradine is greatest in patients with highest heart rates at baseline (≥75 b.p.m.) 11 and is not affected by the background dosage of beta-blocker. 12 The population of patients with LV dysfunction is growing and is fuelling the dramatic growth in the number of patients with heart failure in recent years. 13 LV systolic dysfunction is associated with higher risk of mortality. 8 Elevated heart rate is believed to contribute to the development and progression of LV dysfunction, and is associated with higher risk of cardiovascular events. 9, 10 It is also a major determinant of myocardial ischaemia and the development and progression of LV remodelling. 1,2 Elevated heart rate may also be partly responsible for the development of atherogenesis and plaque rupture. 14, 15 The Sibutramine Cardiovascular Outcomes (SCOUT) trial study appeared to confirm this association. 16 Sibutramine, a dopamine analogue known to increase heart rate, was shown to significantly increase the frequency of non-fatal myocardial infarction in a diabetic and coronary disease population, in spite of substantial weight loss and a trivial effect on blood pressure. Heart rate reduction is known to have a beneficial effect on energy expenditure and blood supply, 1,2 endothelial function, and LV remodelling. 17 BEAUTIFUL was the first large study to indicate that elevated heart rate was associated with an increased frequency of hospitalization for myocardial infarction and that lowering heart rate with ivabradine in patients with values ≥70 b.p.m.
was associated with a reduction in the number of patients admitted with myocardial infarction. 6, 9 This pooled analysis was limited to patients with elevated heart rate ≥70 b.p.m. This cut-off was selected prospectively in both BEAUTIFUL and SHIFT. 6, 7 Indeed, analyses in the BEAUTIFUL placebo group indicated that risk rises steeply above 70 b.p.m. in patients with CAD and LV dysfunction. 9 This cut-off is also consistent with the results of an analysis of the effect of resting heart rate on major cardiovascular events in a population with stable coronary heart disease in the TNT (Treating to New Targets) trial. In that analysis, a heart rate ≥70 b.p.m. was associated with substantial increases in risk for all-cause mortality and hospitalization for heart failure, but not stroke or myocardial infarction. 18 Preliminary results from ONTARGET (Ongoing Telmisartan Alone and in Combination with Ramipril Global endpoint trial) in patients with stable cardiovascular disease confirmed that a heart rate .70 b.p.m. was associated with a poorer prognosis. 19 Finally, this target makes sense clinically, being approximately the median heart rate in most contemporary observational registries.
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The limitations of our study are those of a pooled post hoc analysis. The conclusions are therefore less strong than those from a pre-specified analysis and have problems related to the multiplicity of testing; however, the observed effects on cardiovascular outcomes are clear and robust. Moreover, the use of the cut-off of 70 b.p.m. limited the analysis to half of BEAUTIFUL population. Another limitation is between-trial differences in inclusion criteria and patient selection, but these are minimal (consistency in terms of dosage, measurement of heart rate, and endpoint adjudication). There are also between-trial differences in the patient characteristics, in that SHIFT included a selected heart failure population (NYHA classes II, III, and IV), while BEAUTIFUL included patients with mild heart failure (NYHA classes I, II, or III, and with relatively higher LV ejection fraction). Testing the effect of the drug in a population with extended range of clinical severity of cardiac dysfunction was one of the reasons to perform this analysis. These differences were taken into account in the results since the model was adjusted by study factor. Moreover, the results were also confirmed using a model adjusted on prognostic factors.
In conclusion, heart rate remains elevated in many patients with LV systolic dysfunction despite treatment with guidelinesrecommended therapies, and reducing it selectively with ivabradine seems to be an alternative in the management strategy of these patients. Our results support the importance of ivabradine for improvement of clinical outcomes in patients with LV dysfunction and heart rate ≥70 b.p.m., whatever the primary clinical presentation (CAD or heart failure) or clinical profile (ejection fraction or NYHA class).
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